In the industrial production of penicillin V, the phenoxyacetate precursor is added to the fermentor to direct biosynthesis. When used for producing semisynthetic penicillins, the penicillin V is often hydrolyzed to 6-aminopenicillanic acid with the regeneration of the phenoxyacetate precursor. To reduce raw-material as well as waste-disposal costs, it is desirable to recycle the phenoxyacetate precursor. Unfortunately, the recycle stream is generally contaminated by the p-hydroxylated derivative of this precursor. We examined a two-step approach to eliminate this contaminant. In the first step the tyrosinase enzyme was used to selectively convert the p-hydroxyphenoxyacetate contaminant to a reactive intermediate-presumably its quinone. In the second step, the tyrosinase-generated reactive intermediate was allowed to react with and strongly bind to chitosan. In contrast, the phenoxyacetate precursor was neither oxidized by tyrosinase nor bound to chitosan. When concentrated phenoxyacetate solutions were tested, the combination of tyrosinase and chitosan effectively converted low levels of the p-hydroxyphenoxyacetate contaminant and removed its products from soluticn, while the concentration of the phenoxyacetate precursor was unaffected.
A major application of biological catalysts for waste management is the use of populations of microorganisms for "end-of-pipe" effluent treatment or for remediation of previously contaminated sites. In addition to these applications, biological catalysts (especially enzymes) may be useful for waste management by providing alternative, less polluting routes for chemical synthesis. Further, it may be possible to exploit enzymes for implementing waste management strategies of waste minimization (16) . One approach in waste minimization is to recover and recycle reusable raw materials. In the study reported here, we examined the technical feasibility of using an enzyme-based strategy to facilitate the recycling of a reusable "precursor" in an antibiotic-manufacturing operation. Specifically, we examined the recycling of phenoxyacetate for the manufacture of semisynthetic 1-lactams derived from penicillin V.
In the manufacture of penicillin V, the precursor phenoxyacetate is fed to the fermentation to direct biosynthesis as illustrated in Fig. 1 (for a review, see reference 7). Although some penicillin V is used directly as a therapeutic, much of the penicillin V produced is modified to produce semisynthetic r-lactams. A common step for many semisynthetic penicillins is deacylation, in which the penicillin V is chemically or enzymatically hydrolyzed, to yield 6-aminopenicillanic acid and to regenerate the phenoxyacetate precursor. Because this precursor represents a significant fraction of the fermentation raw materials (in terms of both mass and cost), its recovery and recycling are desirable (1) . A taminant is p-hydroxyphenoxyacetate, which results from the hydroxylation of the phenoxyacetate precursor by the penicillin-producing culture. This hydroxylated contaminant can be utilized by the cells to produce the hydroxylated penicillin V analog (3, 8) . Obviously the formation of this hydroxylated penicillin analog is undesirable if the penicillin V is to be used directly as a therapeutic agent. In addition, the formation of the hydroxylated penicillin V represents a yield loss even if the penicillin V is to be used for producing semisynthetic 1-lactams, especially cephalosporins (3). To avoid the formation of the hydroxylated penicillin V analog, genetic strategies have been investigated to eliminate the ability of the culture to hydroxylate the phenoxyacetate precursor (3). Unfortunately these genetic approaches have not been entirely successful in eliminating the formation of the hydroxylated precursor or product. Therefore to prevent the recycling of the hydroxyphenoxyacetate, it is desirable to simply and selectively remove this contaminant from the recycle stream. Such a recycle operation is shown in Fig. 1 . In this study, we examined the technical feasibility of an enzymatic strategy for selectively removing the contaminating p-hydroxyphenoxyacetate from such a recycle stream.
To selectively remove hydroxylated aromatics (i.e., phenols), a two-step operation can be used, as illustrated in Fig. 1 . In this scheme, the enzyme tyrosinase is first used to convert the phenols into reactive quinones (6) and these quinones are then bound to an adsorbent of appropriate surface chemistry (13, 17, 18 
MATERIALS AND METHODS
Mushroom tyrosinase (EC 1.14.18.1) was purchased from Worthington Biochemicals, Freehold N.J., and activities cited in this work were based on those measured by the supplier. Chitosan from crab shells was purchased from Sigma Chemicals, St. Louis, Mo. Phenoxyacetic and p-hydroxyphenoxyacetic acids were purchased from Aldrich, Milwaukee, Wis., and Pflatz and Bauer, Waterbury, Conn., respectively. All reactions were conducted in 10-ml (liquid volume) bottles which were incubated and shaken at room temperature.
One method used to monitor the progress of the enzymecatalyzed reaction was to observe changes in the dissolved oxygen concentration by using an electrode (Microelectrodes, Londonderry, N.H.) (10, 17) . In addition, the progress of the reaction was monitored by observing changes in the organic solute concentrations. As discussed below, the aqueous phase was analyzed by UV-visible spectrophotometry (13) and phydroxyphenoxyacetate concentrations were measured by the aminoantipyrene colorimetric method. In the aminoantipyrene method, the following were added: 1.5 ml of sample; 0.15 ml of 0.1 M glycine buffer (pH 9.7) containing 5% K3Fe(CN)6, and 1.5 ml of 0.1 M glycine buffer (pH 9.7) containing 0.25% 4-aminoantipyrene. After this mixture had incubated for 30 min, the A505 was measured. Further experimental details are provided below and in the figure legends.
RESULTS
Tyrosinase reaction. For the scheme in Fig. 1 to be feasible, tyrosinase must be capable of catalyzing the oxidation of the p-hydroxyphenoxyacetate contaminant but not of the phenoxyacetate precursor. To examine this selectivity, tyrosinase was added to solutions containing either phenoxyacetate or phydroxyphenoxyacetate and the reaction was monitored by measuring changes in the dissolved concentration of the oxygen reactant. The results in Fig. 2 show that the dissolved oxygen level decreased when tyrosinase was added to the solution containingp-hydroxyphenoxyacetate whereas no reaction was observed when tyrosinase was added to the solution containing phenoxyacetate. Thus tyrosinase appears to specifically react with the hydroxylated contaminant.
In addition to being selective, for the scheme in Fig. 1 3 . Sensitivity of tyrosinase to high concentrations of phenoxyacetate. Aqueous solutions were prepared by mixing p-hydroxyphenoxyacetate (6.0 mM) with various amounts of phenoxyacetate (the pH was adjusted to 7.0 with NaOH or HCI). Mushroom tyrosinase (200 U/ml) was then added to these solutions, and the tyrosinase-catalyzed reaction was monitored by observing the loss of the oxygen reactant by using a dissolved oxygen (DO) electrode. tyrosinase to function in concentrated solutions, we added the enzyme to solutions containing 6 mM (1 g/liter) p-hydroxyphenoxyacetate and various concentrations of phenoxyacetate. As shown in Fig. 3 , the rate of oxygen consumption decreased with increasing concentrations of phenoxyacetate. Figure 3 shows that the tyrosinase-catalyzed oxidation, although inhibited, was not prevented even in the presence of 660 mM (100 g/liter) phenoxyacetate. From a practical standpoint it is important to note that although Fig. 3 shows that the tyrosinase-catalyzed conversion can be slowed from minutes to an hour, these time scales remain short relative to the time scale of a penicillin fermentation, which is days. Thus the inhibition of tyrosinase by high concentrations of phenoxyacetate may not be significant with respect to the final application. Also, the experiment with phenoxyacetate concentrations of 660 mM simulates industrial conditions in which a concentrated precursor feed solution is contaminated by hydroxyphenoxyacetate at a level of 1% of the precursor.
Tyrosinase reaction and chitosan adsorption. Figures 2 and  3 show that tyrosinase is capable of selectively reacting with the p-hydroxyphenoxyacetate contaminant even in concentrated phenoxyacetate solutions. The second step in the scheme of Fig. 1 is adsorption of the tyrosinase-catalyzed reaction product(s). Demonstration of complete adsorption of these products is complicated by the fact that the quinone formed from the tyrosinase-catalyzed reaction is unstable and can react to form numerous oligomeric phenolic compounds (2, 4, 5, 9). Although chromatographic techniques can readily detect the two phenoxyacetate compounds, it is difficult to quantitatively monitor the formation of quinones and subsequent oligomeric phenols by using chromatographic methods. To avoid such ambiguities, we used UV-visible spectrophotometry to determine whether chitosan can effectively adsorb products of the tyrosinase-catalyzed oxidation ofp-hydroxyphenoxyacetate (all products from the tyrosinase-catalyzed reaction are expected to have high absorptivities). To exploit UV-visible spectrophotometry, we used a low tyrosinase activity (50 U/ml) to limit background absorbance and we used low solute concentrations (below 1 mM). Curve A of Fig. 4a shows the UV absorbance of a solution of p-hydroxyphenoxyacetate. When mushroom ty- Selectivity of chitosan adsorption for the tyrosinase-catalyzed reaction products. (a) UV absorbance of solutions containing 0.7 mM p-hydroxyphenoxyacetate (curve A); 0.7 mM p-hydroxyphenoxyacetate and 50 U of mushroom tyrosinase per ml (curve B); and 0.7 mM p-hydroxyphenoxyacetate, 50 U of mushroom tyrosinase per ml, and 5% (wt/vol) chitosan (curve C). (b) UV absorbance of solutions containing 1 mM phenoxyacetate (curve A); 1 mM phenoxyacetate and 50 U of mushroom tyrosinase per ml (curve B); and 1 mM phenoxyacetate, 50 U of mushroom tyrosinase per ml, and 5% (wt/vol) chitosan (curve C). All samples were incubated in 50 mM phosphate buffer (pH 6.8) for 1 h before measurement of the UV absorbance.
rosinase was added to such a solution, there was a large increase in the UV absorbance of the solution and a shift in the wavelength of maximum absorbance (curve B). This change in UV absorbance is consistent with the conversion of the phenol to its quinone (6) . When p-hydroxyphenoxyacetate was exposed to both mushroom tyrosinase and chitosan, there was an almost complete reduction in UV-absorbing material (curve C). This reduction in UV absorbance is consistent with previous studies in which it was shown that quinones, but not unreacted phenols, are strongly bound to chitosan (17) . Thus  Fig. 4a supports the contention that the p-hydroxyphenoxyacetate can be effectively removed from solution by treatment with tyrosinase and chitosan.
A similar experiment was conducted with phenoxyacetate. Figure 4b shows that the UV absorbance of the phenoxyacetate solution is unaffected by the addition of tyrosinase alone (curves A and B) or in combination with chitosan (curve C). These observations are consistent with those in Fig. 2 support the conclusion that tyrosinase is unable to react with the nonphenol phenoxyacetate. Also, the inability of chitosan to bind phenoxyacetate is consistent with the previously reported conclusion that chitosan is unable to adsorb most organic compounds (13, 17) . Thus the results in Fig. 4b show that phenoxyacetate is unaffected by the presence of tyrosinase and chitosan.
A final experiment was conducted in which tyrosinase and chitosan were added to a concentrated phenoxyacetate solution (660 mM) containing a relatively small amount (6 mM) of thep-hydroxyphenoxyacetate contaminant. Figure 5 shows that over the course of the experiment, the concentration of the contaminant was reduced by 97% while the concentration of the phenoxyacetate precursor did not change. To demonstrate that the products from the tyrosinase reaction were adsorbed onto chitosan, we measured the UV-visible absorbance of the solutions, which were allowed to incubate for 6 h (Fig. 6 ). Curve A of Fig. 6 shows the control containing only phenoxyacetate (660 mM) and p-hydroxyphenoxyacetate (6 mM). When tyrosinase was added to this mixture, there was a large increase and a broadening of absorbance (curve B), presumably as a result of the formation of quinones and oligomeric products of the tyrosinase-catalyzed reaction. When both tyrosinase and chitosan were added to the mixture, there was a nearly complete removal of the absorbance associated with the reaction products of the tyrosinase-catalyzed reaction (curve C). For comparison, curve D shows that the absorbance of a solution containing 660 mM phenoxyacetate and chitosan (no p-hydroxyphenoxyacetate or tyrosinase were added to the solution used to obtain curve D) is similar to the absorbance observed in curve C. In summary, Fig. 5 and 6 demonstrate that the combination of tyrosinase and chitosan (i) did not affect the concentration of the phenoxyacetate precursor, (ii) resulted in a nearly complete conversion of the p-hydroxyphenoxyacetate contaminant, and (iii) adsorbed the products from the enzyme-catalyzed conversion. Ability of chitosan to bind tyrosinase-catalyzed reaction products from concentrated solutions of phenoxyacetate. Curve A shows the absorbance of a mixture of phenoxyacetate (660 mM) and p-hydroxyphenoxyacetate (6 mM). Curve B shows the absorbance of this mixture after being incubated with mushroom tyrosinase (400 U/ml) for 6 h. Curve C shows the absorbance of the mixture after being incubated for 6 h with both mushroom tyrosinase (400 U/ml) and chitosan (15% [wt/vol] As a separation technique, the combination of tyrosinase reaction and chitosan adsorption has two significant features. First, the substrate specificity of tyrosinase confers selectivity to this separation. As shown in Fig. 2 , tyrosinase is capable of reacting with the p-hydroxyphenoxyacetate contaminant but not with phenoxyacetate precursor, which is to be recycled to subsequent penicillin-producing fermentations. Further, chitosan is unable to adsorb most organic compounds, including phenoxyacetate (Fig. 4b) . For adsorption to occur, the phenolic compound (p-hydroxyphenoxyacetate) must be converted to the quinone by the tyrosinase-catalyzed reaction. Once formed, the quinones bind strongly to chitosan (17) , presumably through reactions analogous to those reported in soil science (12, 15) and in polymer chemistry (11) .
The second unique feature of tyrosinase reaction and chitosan adsorption is the high affinity for removal, which is conferred by the strength of quinone-chitosan binding (17) . As a result of this affinity, contaminants can be efficiently removed in a single "equilibrium" stage. Thus it is possible to envision the addition of tyrosinase and chitosan directly to the phenoxyacetate feed tank to remove traces of the p-hydroxyphenoxy-acetate contaminant. This approach would be analogous to the addition of drying agents to nonaqueous solvents to remove traces of water.
For comparison, alternative separation techniques for removing small amounts of the hydroxylated contaminant from the precursor stream would probably involve multiple-equilibrium-staged chromatographic or extraction operations. These alternatives (i) would require significant capital investments, (ii) would be operationally complex, and (iii) would probably lead to generation of wastes from eluting and extracting solvents. Tyrosinase reaction and chitosan adsorption (i) would not require capital investments, although there would be operational expenses associated with the purchase of enzyme and sorbent; (ii) would be operationally simple; and (iii) would result in a concentrated solid waste (i.e., the spent chitosan), which could conceivably be regenerated. Thus tyrosinase reaction and chitosan adsorption may be especially attractive to producers who are hesitant to make significant capital investments for precursor recycling. Also, tyrosinase reaction and chitosan adsorption may provide a stopgap method for manufacturers who are mandated by the Food and Drug Administration to reduce impurity levels in therapeutic penicillin V formulations.
Although we focused on the technical feasibility in this study, the actual application of tyrosinase reaction and chitosan adsorption in industrial practice may require the development of appropriate enzyme and sorbent geometries. For instance, it may be desirable to immobilize tyrosinase (18) and to use high-surface-area chitosan sorbents (14) .
